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Modeling Time-Series Absorbance Spectra
Amarilis Andrea Cornejo, Mitch Menzmer, Ph.D.
So uthern Adventist University
4881 Taylor Circle Collegedale, TN 37315

Abstract
The progress of many reactions can be followed by taking time-series ultraviolet-visible (UV-vis)
absorbance spectra. Important information about a mechanism can be obtained from such series. Given
experimental time-series absorbance spectra and a proposed mechanism, a method for simulating timeseries absorbance spectra using the computer program Chemical Kinetics Simulator (CKS) and a
spreadsheet is proposed. Time series absorbance spectra of the reaction of 1x10-4 M chenodeoxycholic
acid in 74.7% (w/w) H2SOJH 20 at 60.0 °C was used as the test case. This method is expected to be
useful in the evaluation of mechanisms derived from time-series absorbance spectra.

Key Words: Absorbance Time-Series Spectra Simulation, UV-visible Absorption Spectra, Kinetics,
Mechanism, Sterols, Chenodeoxychol ic Acid
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Amarilis Andrea Cornejo, Mitch Menzmer, PK.D.
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Introduction

Th e ability to accurately simulate time-series spectra is useful in evaluating a proposed
mechanism provided that the molar absorptivity, e, and the maximum wavelength, Amax, of each
reaction species observed can be obtained. In the method proposed in this paper, concentration-time
data are simulated using a computer. These data are converted into a time-series of absorption spectra
using a Gaussian curve model in a spreadsheet program and are evaluated for accuracy by comparison
with the experimentally obtained time-series of absorbance spectra.
Time-series spectra can reveal important kinetic information not found form standard methods,
such as the Arrhenius and the Eyring equations. Usually, a certain parameter, such as absorbance or
concentration at a particular wavelength, is taken from the data obtained in the laboratory and analyzed
by linearization (e.g., plotting the logarithm or the inverse of the parameter against time) as a means of
finding rate constants, equilibrium concentrations, orders of reaction, or other important kinetic
information. This approach does not take into consideration additional information (a parameter at a
different wavelength, for instance) obtained in the laboratory that could be important in understanding
the reaction under study. A simulation of time-series absorbance spectra allows the study of rate
constants, molar absorptivities, concentration and absorbance of each species at varying times and
wavelengths, orders of reaction, and the mechanism itself without discriminating each and additional
parameters obtained from the time-series absorbance spectra.
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Theoretical Basis and Results
The computer software Chemical Kinetics Simulatior™ (CKS} is a scientific program created by
William D. Hinsberg, PhD and Frances A. Houleat, PhD in IBM's Almaden Research Center in San Jose,
California This program accurately simulates chemical reactions by providing concentration-time plots
for the course of the reaction. CKS can be used for simple and complex reactions or reaction
2
mechanisms and is able to work with variables and instabilities that are large and dynamic. Given a
proposed mechanism, CKS was used in conjunction with a spreadsheet program to simulate the
4

experimental time-series spectra of the reaction of lx10" M chenodeoxycholic acid in 74.7% (w/w)
H2S04/H20 at 60.0 °C (Figure 1}.
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Chenodeoxycholic acid is a bile acid produced by the liver. The time-series UV-vis absorbance
4

spectra of the reaction of 1x10. M chenodeoxycholic acid in 74.7% (w/w) H2S0 4/H 20 at 60.0 °C was
selected from a study of reactions of bile acids in sulfuric acid as a means of optimizing conditions for
clinical analysis of sterols. Here, it is used as a test case for development of the method proposed in this
paper. Chenodeoxycholic acid is quickly converted into a simple carbocation as a result of hydrolysis in
the presence of sulfuric acid. This intermediate is not amenable to study in the wavelength region
accessible and, therefore, is not present in the time-series absorbance spectra. The absorbance bands at
302 nm, 374 nm, 268 nm, 321 nm, and 248 nm were named B, C, D, E, and F and correspond to an allylic
carbocation intermediate, a dienylic carbocation product, a diene molecule, another allylic carbocation
4

intermediate, and a dication molecule, respectively. The proposed mechanism for this reaction can be
seen in Equations (1-3). 5 Intermediates observed in Figure 1 are indicated by the wavelength maxima,
given in parentheses. The intermediates proposed in the mechanism that were not observed
experimentally, but are shown in Figure 1 are presumed to be short-lived or maintained at
concentrations below the limit of detection.
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(1}
{A)

{302 nm)
{B)

{374 nm)
{C)

(2)

(302 nm)
(B)

{268 nm)
(D)

(3)

{A)

{312 nm)
{E)

{348 nm)
{F)

{374 nm)
{C)

Th e reaction scheme used for the simulation was derived from Equations (1-3} and is outlined
here
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k_l k_2
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where each k; above or below the double arrow is the rate constant of either the forward (positive
subscript rate constants) or reverse (negative subscript rate constants) reaction of each step in the
reaction. Each reaction step in Equations {1-3) is observed to follow first-order kinetics.
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The input requirements for CKS are: the units for concentration, duration oftime, pressure, and
energy; the reaction mechanism; the rate constants for each reaction step; whether the rate constants
are dependent on temperature; whether the rate constants are derived from the stoicheometry or are
special constants; the initial concentration of each species in each reaction step; and whether the
temperature, pressure, and volume are constant throughout the experiment. In addition, the total
number of molecules used in the simulation; the number of intervals recorded during the simulation;
the maximum number of events for the reaction to run; and whether the detection of equilibrium is
enabled or disabled was also required.
Fo r this simulation, Sl units for concentration, time, pressure, and energy were used. The initial
concentrations of all species, except species A, were assigned a value of zero molarity (M).
4

Concentration of A was set at 1x10- M . The temperature used was constant at 60.0

°(,

the reaction was

left to be independent of pressure, and the volume was not tracked. The total number of molecules
used in the simulation was 10,000, the number of intervals recorded during the simulation was 75
events, and the maximum number of events for the reaction to run was assigned to be 4 X 10 9 . The
detection of equilibrium was enabled with an equilibrium test cycle length of 100 events and a selection
frequency of 90.0 percent.
The data generated in CKS were translated to a spreadsheet computer program and converted
to absorbance values utilizing Beer's Law

A = sbc

{5)

where A is the absorbance, c-is the molar absorptivity characteristic of a given species, b is the optical
path length, which by convention is 1 em, and cis the molar concentration of each species in the
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sample. The initial molar absorptivities used for the allylic, dienylic, diene, and dication molecules were
estimated based in values reported in t he literature and are reported as log&values in Table 1. 6.7' 8 ' 9
The observed absorbance of species B (allylic, 304 nm) and C (dienyic, 374 nm) from Figure 1 at
3

different reaction times were obtained for the test-case reaction. These data were plotted and
compared to absorbance-time data obtained from CKS and the spreadsheet. The values of th e rate
constants were adjusted in CKS until optimum agreement was seen (Figure 2). The range of possible rate
constant values for all the forward reaction steps was found by this approach to be from 0.01 to 0.001 s\ and the rate constants for all the reverse reaction steps were found to be equal or smaller than their
respective rate constants for the forward reaction steps. Agreement between CKS generated and
experimental data by this method suggested that the proposed reaction scheme was very close to the
actual reaction mechanism (see Figure 2). The plot obtained from CKS showing all intermediates in
Equations (1-3) can be seen in Figure 3. Table 1 shows the rate constant values used.
A Gaussian curve function (Equation 6) was used in order to convert the absorbance-time values
into time-series spectra.

In this equation, $arepresents the absorbance specified wavelength, A., based on simulated
concentrations from CKS and multiplied by the molar absorptivity; hence, A8 , Ac, An, A£, and AF are
the absorbance values based on simulated concentrations from CKS and multiplied by the estimated
molar absorptivity (Table 2} for species B, C, D, E, and F, respectively, as observed from experimental
data (Figure 1). The values of Amaxa• Amaxc• Amaxv• AmaxE' and AmaxF are the maximum wavelength
positions at which the species B, C, D, E, and F occur, respectively. W8 , We, Wn, WE, and WF correspond
to the width of the absorbance band of species B, C, D, E, and F, respectively. Width values were
adjusted by trial and error to approximate the width of the experimental data. The final simulated
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absorbance-time spectra can be seen in Figure 4. The molar absorptivities, wavelength maxima, and
width values used in the simulation are found in Table 2.

Discussion

Overall, there is good agreement between the simulated (Figure 4) and experimental (Figure 1)
time-series spectra. In addition to possible variance in estimated molar absorptivities, rate constants,
wavelength maxima, and width parameters in the Gaussian function, observed differences between
Figure 1 and Figure 4 could be due to the complexity of the actual mechanism; in particular that multiple
isomeric forms of similar energy may form through parallel pathways that have not been taken into
account in the proposed mechanism, which would intermingle both the width and intensity of the
bands. Moreover, uniqueness of the proposed mechanism has not been demonstrated. Nevertheless,
since Figure 4 demonstrates the general characteristics found in Figure 1 quite well and since Figure 3
shows a close resemblance between the experimental and the simulated absorbance-time data, the
simulation can be regarded as a success.

Conclusion
Using CKS and a spreadsheet computer program, a simulation of the time-series absorbance
spectra of chenodeoxycholic acid in an acidic medium was successfully created. The general shape of
each band in Figure 4 is very similar to its respective band in Figure 1. In particular, the wavelength
positions of the bands, the width and height of each band, the isosbestic point, and the general trend of
the time-series absorbance spectra are seen in both graphs.
It is expected that this method can be applied to other time-series absorbance spectra exhibited
by a different reaction. This approach can lend itself toward finding patterns of behavior that could lead
to important generalizations. The simulation can be very useful in adjusting different values otherwise
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unknown. With this method, rate constant values, the maximum wavelength and width of each band,
the molar absorptivity of a species can be elucidated. Furthermore, the simulation can lead to a better
understanding of a reaction mechanism and whether a reaction-step needs to be added, deleted, or
modified.
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Table 1

kJ!s- 1
k_J!s- 1
k:;/s- 1
k.:;/s- 1

0.00450
0.00001
0.00200
0.00010

kJ!sk_J!s-1
kq's- 1
k_q's-1
ks/s- 1

0.00065

k.s/s-1
kr/s-1

0.00001

k.r/s-1

0.00010

1

0.00050
0.00150
0.00010
0 .00450
0 .00350

Table 1. Values of rate constants (s- 1) used for the simulated time-series absorbance spectra seen in
Figure 4.
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Figure 1.

u

)

Wavelength (nm)
Figure 1. Time-series UV-vis absorbance spectra of lxl0-4 M chenodeoxycholic acid in 74.7% (w/w)
at 60.0 °C. 3 A simulation of this time-series absorbance spectra was created. For clarity,
numbering shows sequence of recorded spectra for the first eight spectra.
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